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ABSTRACT
MINERALIZATION OF TOLUENE AND m-XYLENE IN SUBSOIL
SEPTEMBER 1993
JALAL GHAEMGHAMI
B.S., UNIVERSITY OF MASSACHUSETTS
M.S., UNIVERSITY OF MASSACHUSETTS
Directed by: Professor Lawrence M. Mallory

A bench-scale column was designed to simulate the dynamics of air and water flow
in the vadose zone above the capillary fringe. Four Pyrex columns, 30.5 cm x 7.5 cm
i.d., were each packed with 2 kg of subsoil collected at a depth of 4.5 m beneath an
industrial solvent tank farm. An organic-free, humidified air stream was passed at a rate
of 5 ml*min'1 through each column under slight negative pressure.

A single column

exposed to 4.5 MRads of 7-radiation served as a sterilized control. The fates of toluene
and m-xylene were assessed using [U-rwg-14C] toluene and m-xylene.

Volatilized

toluene or m-xylene and 14C02 were collected in traps placed in the exit line. For all
three experiments, volatile losses of untransformed toluene or m-xylene were significant
only in the sterilized controls. Nitrogen was added as NH4+ and N03' to two columns
per experiment at concentration of 10 and 40 ppm. Mineralization of 3.7 mg addedtoluene -kg'1 was 26% and 31% for columns receiving 0 and 10 mg of nitrogen,
respectively. Addition of 40 mg of nitrogen reduced mineralization to 33% of the rate
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observed without added N. This experiment was repeated with toluene and m-xylene
using a different soil. The mineralized percent of the added toluene was 48, 50 ,and 58
for 0, 10, and 40 ppm added nitrogen, respectively. For the similar treatments, 41%,
39% and 43% of the total added m-xylene was mineralized.

Considering the final

outcome of these experiments, the positive effect of nitrogen amendment was not
pronounced, but it generally increased the initial rates of the mineralization at moderate
amendment levels for both toluene and m-xylene.
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CHAPTER 1
LITERATURE REVIEW

Remediation processes
In situ bioreclamation processes have been successful in treating different types of
contaminants in soil and the vadose zone material or subsoil. These processes include
a wide range of physical and biological methods or combinations of both. Applied
methods of separation of contaminants from soil include incineration and air sparging.
Other processes such as on-site composting or land-farming attempt to enhance
biological activities of indigenous microflora.
Soil venting, originally designed as a physical removal process of volatile
compounds, was reported to aid the biodegradation of the jet fuel in soil (Miller and
Vogel 1991). They reported that the application of an air stream increased
biodegradation in some sites to 85 percent. Biodegradation removed jet fuel from the
vadose zone during late stages of applied volatilization processes (Miller and Vogel
1991). This may have been the result of either microbial adaptation to better utilize
the contaminants at the treatment site (Lee and Ward 1985), or a change in bio¬
availability of the hydrocarbon contaminants (Morita 1988 and Harmsen 1992).
Dupont and Doucette (1991) assessed the capability of vacuum extraction systems
to enhance in situ biodegradation of light molecular weight residual fuel oil in
conjunction with nutrient and moisture content management. The enhancement study
in the field demonstrated an increase in the degradation of JP-4 from 15-25 percent to
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80 percent (Dupont and Doucette 1991). Their results indicated that addition of water
prior to the inorganic nutrient amendments effectively increased biodegradation
compared to post application. It was likely that the indigenous microbial population
was increased due to addition of water, thereby enhancing mineralization.
The combined process of vapor extraction and biodegradation, termed
bioventing, has been promoted as a potentially efficient and low cost method of
contaminant removal (Marely et al. 1992). Investigations are underway to optimize
such a treatment methods (Montazer 1993). These experiments include studies of
individual or interactive relationships between physico-chemical properties of the soil
system and its applied microbiological considerations. The successful application of
these methods depends heavily upon the hydrodynamics of the treatment systems
(Brown 1992). Transport processes are important in understanding or predicting the
fate of the organic chemicals in soil systems (Carberry and Lee 1990).
Contaminant transport in subsoil is directly related to the dissolved concentration
of hydrocarbons in soil solution (Cline et al. 1991). Water soluble contaminants will
be transported by water flow through the vadose zone, while immiscible chemicals
will not move with groundwater flow (Ridgeway et al. 1989). Based upon their
density, they will stay at the top of the capillary fringe (if lighter than water), or will
pass through the water table in a downward direction. Other factors affecting the
transport of hydrocarbons through subsoil are hydraulic conductivity of the zone,
porosity, and polarity of the contaminants. Microbial activity, possible chemical and
biochemical reactions, and sorption processes (Yaron et al. 1989) complicate the
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study of contaminant transport phenomena in soil systems (Mackay and Paterson
1991, Symons et al. 1988, and Thomas et al. 1986).

Simplified quantitative methods

were used for predicting the fate of biologically reactive contaminants (Keely 1987).
The available transport models include a one dimensional model reported by Reible et
al. (1990), or finite element analysis of multi-phase immiscible flow by Kappusamy et
al. (1987), and a numerical model introduced by Faust (1985). However, the
transport of contaminants is a complicated process, and models incorporating
chemical, biochemical, and biological processes are not available.
Additionally, transport and fate of volatile organic contaminants in subsurface
soil is affected by temperature and pore-water content (Kerfoot 1991). Kerfoot’s
model provides equations defining the relationship between concentration activity of
volatile compounds in sorbed, water and gas phases, and properties such as their
Henry’s Law Constant (Priddle and Jackson 1991), and existing temperature, waterfilled porosity, gas-filled porosity and solids density in the system. Carberry and Lee
(1990) reported the effects of biological products on the transport of chemical
contaminants. They concluded that microbial activity decreases the gaseous activity
of the petroleum compounds, altering their transport and sorption processes in fine
soil.

Mineralization
For biological mineralization to occur, a compound must be available to cells
either as a component of an aqueous solution or through direct contact.
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Ethylbenzene, toluene, and xylenes (ETX) have similar chemical properties and
structures. Their potential dissolved concentration in water is higher than most of the
other components of petroleum-based compounds, resulting in a higher availability for
microbial metabolism (Klein and Jeskins 1981).
Most hydrocarbons, including ETX, are utilized by microbes as electron donors
in respiratory redox reactions. These exergonic reactions provide the necessary
energy for survival and growth of microbial cells. Redox reactions will occur in the
presence of an appropriate electron acceptor and favorable physical and chemical
conditions.

Redox conditions for heterotrophic microbial mineralization of organic

chemicals, such as ETX0/7, are dependent on the relation of free energy changes
associated with specific electron acceptors and the organic contaminants at a specific
site (McFarland and Sims 1991). Conventionally under non-limiting electron donor
conditions, oxygen (an electron acceptor) utilization proceeds denitrification, which is
followed by sulfate reduction and finally methanogenesis (Chapelle 1993). In the
absence of oxygen, insoluble metal oxides species also may act as electron acceptors.
The energy provided by Mn+4 compares to that of oxygen, and is greater by 10
Kcal-(eq)'1 (Mcfarland and Sims 1991). However, the low concentrations of metal
oxides in subsoil limits their use an electron acceptors.
Aerobic oxidation of organic compounds appears to be the predominant C02producing process in groundwater (Chapelle and Lovely 1990). Aerobic degradation
of gasoline has been enhanced by diffusing air which increases dissolved oxygen
concentrations in the soil solution (Hinchee et al. 1991). A higher rate of
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biodegradation of JP-4 in subsoil resulted from soil venting (Dupont and Doucette
1991). Barker (1992) studied the biotransformation of benzene, toluene, and xylene
(BTX) in a shallow aerobic aquifer. He observed a microbial process with two
different disappearance rates. A high rate of mineralization under aerobic conditions
was followed by an anoxic step with a slower rate of hydrocarbon loss (Barker et al.
1987).
There are reports of bacterial isolates which are able to mineralize methoxylated
aromatic compounds under both aerobic and anaerobic conditions (Grbic’-Galic’and
Pat-Polasko 1985). Depletion of oxygen around biotransformation sites may create
anoxic conditions. Degradation of highly substituted polychlorinate biphenyls (PCBs)
in rivers and sediments are mostly reported to be anaerobic processes (Bedard et al.
1986).
The presence of bacteria with the capacity to degrade a variety of aromatic
compounds suggests that indigenous microorganisms may have the potential for in situ
degradation of these soil contaminants (Crawford 1990, Frankenberger et al. 1989
and Leahy and Colwell 1990). Subsurface bacteria capable of utilizing toluene and
other aromatic compounds have been isolated from a depth of 410 m (Fredrickson et
al. 1991).
The subsurface petroleum degrading microorganisms occur in a wide variety of
taxonomic groups (Bartha 1990, and Austin et al. 1977). Isolates from Chesapeake
Bay water and sediments capable of hydrocarbon metabolism included bacterial
groups of Pseudomonas, Micrococcus, and actinomycetes families such as
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Nocardiaceae, and Actinomycetaceae (Austin et al. 1977). The variability of soil
physical conditions may affect the microbial diversity of the existing community
(Atlas and Bartha 1993). Higher moisture content will increase the chance of oxygen
depletion and, therefore, favor the growth of facultative anaerobes.
A microbial community at a JP-4 spill site was shown to be limited by nitrogen.
Increasing the available nitrogen concentration enhanced the biodegradation rate
(Aelion and Bradley 1991). A statistically significant increase in loss of contaminants
at a treatment site was also observed as a result of inorganic phosphorous and
nitrogen addition (Dupont and Doucette 1991). Lindstrom et al. (1991) reported such
an increase in the disappearance rate of hydrocarbons contaminating shoreline
sediments affected by the T/V Exxon Valdez oil spill. This study lacks a statistically
significant proof of enhancement of hydrocarbon degradation solely due to nutrient
addition, but reports an increase in number of hydrocarbon degraders.
Swindoll et al. (1989) found that the addition of either 136 ng of (NH^SC^ or
an inorganic nutrient mixture containing 2 ng of NaN03 inhibited toluene
mineralization in slurries containing 1 g of dry aquifer solids. In addition, Morgan
and Watkinson (1990) reported nearly 80% inhibition of naphthalene mineralization
by an amendment of 5 mg of NH4N03 per gram of soil. Nitrogen and phosphorous
limitations have been reported for many aquatic systems (Ward and Brock 1978).
Addition of nutrients to enhance biodegradation of hydrocarbons in an aerobic system
may result in anaerobiosis in which the consumption of nitrate may increase due to
occurrence of denitrifying processes (Hutchins et al. 1991). This report showed 10
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times more nitrate consumption than could be accounted for by BTX degradation
alone.
The biodegradation rate of a contaminant can be altered by the presence of other
compounds (Arvin et al. 1989, and Alvarez and Vogel 1991). Examples of beneficial
substrate interactions include, enhanced degradation of benzene and ^-xylene in the
presence of toluene by Pseudomonas sp. strain CFS-215, and benzene-dependent
degradation of toluene and p-xylene by Arthrobacter sp. strain HCB. The catabolic
diversity of microbes in the environment, however, precludes generalizations about
the capacity of individual benzene, toluene, and xylene (BTX) compounds to enhance
or inhibit the degradation of other BTX compounds (Alvarez and Vogel 1991). The
ability of microorganisms to degrade hydrocarbons is determined by their genetic
characteristics. Aerobic degradation of toluene, 1-4, and 1-3 isomers of xylene have
been shown to be genetically encoded by the TOL plasmid (Worsey and Williams
1975). Isolated strains from a contaminated site were found to harbor two plasmids
larger than 100 kb. These strains were capable of degrading polyaromatic
hydrocarbons (Fredrickson et al 1991). Therefore, plasmid isolation may also be
used for testing the ability of microbes to degrade hydrocarbons in soil.
Several researchers have reported that toluene is degraded more readily than
benzene in aquifer systems (Karlson and Frankenberger 1989, and Thomas et al.
1990). Ortho-xylene is usually reported to be the most recalcitrant of the BTX
compounds (Baggi et al. 1987).
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Biodegradation of toluene
Most studies of the microbial metabolism of aromatic hydrocarbons have centered
on mononuclear compounds, such as benzene, toluene, ethylbenzene, isomers of
xylene, and biphenyl. The metabolism of poly-cyclic hydrocarbons is not well
established (Gibson and Subramanian 1984). The introduction of a methyl groups
onto the benzene ring increases the possibility of diverse pathways of biodegradation
compared to benzene oxidation. Methyl groups may be oxidized or ring attack may
occur. Toluene is the simplest form of methyl-substituted benzene. Studies of
several strains of pseudomonds have indicated that toluene and isomers of xylene are
degraded via the catechol pathway which is encoded on plasmids designated "TOL"
(Bayly and Barbour 1984).

Biodegradation of xylene isomers
Similar to toluene, m- and /7-isomers of xylene may be degraded by certain strains
of pseudomonds and Nocardia sp., either by initial oxidation of one of the methyl
groups or by attack on the aromatic ring. The proposed oxidation pathways by Smith
(1990), and Gibson and Subramanian (1984) include the production of readily
metabolized compounds such as acetate obtained via meta-cleavage of 3methylcatechol. Another form of attack on the aromatic ring of xylene isomers
produces substituted catechol which is then metabolized via ortho-cleavage by
members of the genus Nocardia (Gibson and Subramanian, 1984). The third isomer
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of xylene, ortho-xylene, may be metabolized by Pseudomonas snazeri (Baggi et al.
1987), Corynebacterium strain C125 (Schraa et al. 1987) and by Nocardia sp.
(Gibson and Subramanian, 1984).

All three strains metabolize the xylene isomer

through production of 3, 4-dimethylcatechol which is then subjected to meta-cleavage
producing acetate.

9

CHAPTER 2
INTRODUCTION

Soil and subsoil environments are increasingly endangered by toxic chemical
spills. Groundwater, near the infiltration zones of polluted rivers, in the proximity of
leachate plumes from landfills, and below petroleum-contaminated sites, are
characterized by high microbial activity (Leahy and Colwell 1990, Alexander 1981,
and Bartha 1990). The slightly water soluble components of petroleum products,
primarily benzene, toluene, and xylene isomers (BTX) are often major contaminants
of groundwater. These compounds are much more soluble than other petroleum
constituents such as alkanes, alkenes and polycyclic hydrocarbons (PAHs). The
biodegradation of both water soluble hydrocarbons (Kappeler and Wuhrmann 1978),
and insoluble organic compounds (Thomas et al. 1986) are reported. Most of the
hydrocarbon compounds are of environmental concern. Benzene is especially of
concern because of its association with the development of leukemia in humans (Dean
1978).
Mineralization of xenobiotics in a typical soil system is a limited biological
process. Physical, chemical, and biological factors affect xenobiotic metabolism. Oil
and gasoline biodegradation will occur only if the proper conditions are present.
Indigenous microbial consortia in soils are often capable of mineralizing contaminants
(Baggi et al. 1987 and Morgan and Watkinson 1990). The rate of microbial
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metabolism may be enhanced by the addition of nutrients (Aelion and Bradley 1991).
Mineralization rate is defined by the amount of C02 produced over time. It can be
measured using a variety of methods (Chapelle and Lovely 1990, Knaebel and Vestal
1988, and Marinucci and Bartha 1979).
Native bacteria of an uncontaminated soil need time to adapt following any
exposure to hydrocarbons (Wiggins et al. 1987). During this lag period, the
concentration of contaminants will only vary due to abiotic phenomena including
transport. Following an adaptation period, the biotransformation of contaminants will
change the concentrations. The gradient produced will enforce transport of the
contaminants in the media such as a soil system. Transport of soil contaminants
affects the rate of biodegradation and vice versa.

The mineralization process will

slow down, and may cease depending upon the concentration of the contaminants
(Lynch 1982). At low concentrations, caused by transport or mineralization, the
microbial community may switch to alternative sources of energy and organic carbon.

Remediation
Hydrocarbon contaminated soil may be excavated and treated by processes such
as vapor extraction and incineration. Biorestoration methods include physicochemical
and biological processes such as land-farming and composting. These biological
processes reportedly result in the removal of contaminants by biodegradation
(Harm sen 1992).
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Vapor extraction
Vapor extraction of volatile chemical compounds from soil involves inducing an
air flow beneath the plume containing the contaminants. The volatile constituents of
the contaminant are separated from soil and soil-water by partitioning into the gas
phase. The air stream is then collected and treated on or off the site.
Vapor extraction systems are designed with the assumption that the physical
equilibrium between vapor and solution concentrations exists, and it follows Henry’s
Law (Anderson and Parker 1990). The outcome of the process depends upon the
vapor pressure and solubility of the target contaminants.
Soil porosity, organic matter content, and water content affect the efficiency of
the process. Low soil porosity and high organic matter content will decrease the
efficiency of the process, while a higher level of soil moisture increases activity of the
target compound(s) in solution. The concentration of the contaminants adsorbed to
soil particles is directly related to soil characteristics. Surface absorption and
chemical bonding are two phenomena which will decrease removal by the vapor
extraction processes. Therefore, the success of extraction processes to remove soil
contaminants will vary widely with different soil and contaminant interactions (Marley
et al. 1992, Miller and Vogel 1991, and Preslo et al. 1989).

Incineration
Incineration processes are applied to excavated soil. This process is carried out
within a large burner fed by transporting units, usually conveyor belts. They carry
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contaminated soil from the receiving port and through the burner. During the
transportation of the contaminated soil, the larger particles are separated out. This
increases the surface-to-volume ratio and heat transfer efficiency which will result in a
lower heat for combustion and energy requirements to transport the solids.
All hydrocarbons will react with oxygen to produce carbon dioxide and water,
assuming that the temperature throughout the soil within the incineration system is
uniform and high enough to oxidize all of the contaminants. The vibration of the
conveyor belt assists in this process by mixing the soil, and evenly distributing the
heat and oxygen necessary for combustion inside the combustion chamber.
Incomplete combustion results in release of toxic gases and vapors (such as CO) to
the surrounding air.

Bioremediation processes
Land-farming and on-site composting Processes are applied to excavated soil.
These processes enhance physico-chemical and biological removal of the soil
contaminants. The contaminated soil is mixed during the application of the on-site
composting method. In both processes, biodegradation of soil contaminants and
physical separation occur simultaneously.

Land-farming process
In Land-farming operations nutrients are added to the contaminated soil which is
spread over a platform with an underlying impermeable layer (Harmsen 1992). Clay
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is often used in the design of the impermeable layers. This layer prevents transport
of contaminants to groundwater. Addition of nutrients in the aqueous phase also
provides the moisture necessary for microbial growth. In land-farming processes, the
water percolates through the layer of soil and is collected on the surface of the
impermeable layer. The byproduct of this process, contaminated water, is treated
separately.

On-site composting
On-site composting process is essentially identical to land-farming method and can
be used with excavated soil. During this process, mixing is used to enhance the
mobility of soil contaminants. This will in turn increase the rate of microbial
degradation and will also reduce the amount of leachate. This also decreases
byproduct treatment costs.
These remediation processes are basically separation processes. Biodegradation
processes are more reliable and naturally sound.

Biodegradation processes
Biological treatment methods are natural processes and can be site-specific
depending upon the characteristics of the existing microbial community (Thomas et al.
1990). In situ biodegradation processes, unlike the aforementioned methods, are
based upon the assumption that there is a potential ability of the indigenous
microorganisms to degrade the contaminants in subsoil without any need for
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excavation. Many studies have demonstrated the ability of such microorganisms to
target the organic contaminants and furthermore utilize them as a carbon or energy
source (Baggi et al. 1987, Barker et al. 1987, Alvarez and Vogel 1991).

These

processes are classified into two categories based on electron acceptor element.
Those processes using oxygen as a terminal electron acceptor are called aerobic
processes. Biological processes using other elements as an electron sink are termed
anaerobic processes. These types of treatment methods are more suitable for anoxic
environments. The microbiology and biochemistry involved with anaerobic
degradation are much different than those of aerobic degradation. For example, while
a large number of aerobic microorganisms that degrade soil contaminants have been
isolated in pure culture, very few anaerobic microorganisms have been described that
exclusively perform this function (Chapelle 1993).
Aerobic processes have been widely studied and are favored by the involved
industries for contaminated soil treatment. Both excavated and non-excavated
contaminated soil can be treated. Design and development of aerobic biodegradation
processes utilizing the biotransformation capacity of the native acclimated microbes
are based upon the following essential elements: 1) An accessible contaminant source
(Button et al. 1992), 2) Sufficient microbial population, 3) Proper nutrient ratios
(Alexander 1977), 4) Suitable moisture content (Lund and GokSoyr 1980), and 5)
Adequate oxygen supply.
The extent to which the acclimation response can be utilized in bioremediation
technology is much less clear. Numerous practical considerations may intervene.
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Available evidence shows that significant microbial acclimation occurs in relatively
short time periods (Kukor and Olsen 1990, Wilson et al. 1985, and Aamand et al.
1989).

Substrate availability

For any microbial degradation process to succeed, it is necessary that the
microbial cells be in contact with the target compound(s). Close proximity of a
microbial cell and the target compound normally provides a suitable physical
condition for induced enzymatic reactions. The degradation process may occur within
a microbial cell or outside of the cell. The process may start with extracellular
enzymatic reactions followed by the transport of a carbon source through the cell wall
(Smith 1990). For example, Escherichia coli will utilize D-glucose to produce cell
material and energy through a series of reactions. It may use the
phosphoenolpyruvate phosphotransferase system to transport and concominantly
modify D-glucose in its cell. Inside the cell, pyruvate is produced through the
Embden-Myerhof-Pamas pathway. After a series of reactions inside the cell, the
pyruvate produced is converted to C02, often using oxygen as a terminal electron
acceptor (Gottschalk 1978).

Microbial population

There are many types of microorganisms that are capable of biotransforming a
specific contaminant. For example, indigenous bacteria such as Thiobacillus sp. in
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groundwater are capable of using some hydrocarbons, and constituents of hazardous
waste, if there exists an electron acceptor such as sulfate (Beller and Grbic’-Galic’
1992). It is important that there be a sufficient microbial population within any
biodegradation system. That depends upon both the number of cells per gram of soil,
and their metabolic ability to utilize the target hydrocarbons.
Microbial population density is directly related to the rate of disappearance of
contaminants (Button et al. 1992). A higher number of cells per unit weight of soil is
usually used as an indicator of a suitable condition for growth. For example, higher
numbers of heterotrophic bacteria in groundwater may result in a higher rate of
consumption of organic carbon (Chapelle 1993). Microorganisms that are able to use
the contaminants as a carbon source are "adapted" to that carbon source (Focht 1988).
The mechanism of adaptation is either induction of specific enzymes or aqusition of
needed genetic material such as a plasmid. The adaptation process can happen over a
period of time, during which there must be alternative carbon sources other than the
contaminant.

Nutrients

Elemental nutrients are chemical elements that are constituents of the cellular
materials and that are necessary for the activities of enzyme and transport systems.
Table (1) lists major nutrients required for most microorganism metabolism. The
conventionally accepted ratio for the major nutritional elements, C:N:P, is 100:10:1
(Alexander 1977).

17

Generally it has been presumed that microorganisms themselves are able to
synthesize all organic compounds required for growth. Many bacteria however lack
the ability to synthesize all of the organic compounds needed for growth from
inorganic sources. They must depend on an exogenous supply of growth factors.
These can be grouped into three categories: vitamins and related compounds, amino
acids, and purines and pyrimidines.

Table 1.

The six major bioelements, their sources, and some of their function
in microorganisms

Element

Source

Function in metabolism

Carbon

Organic compounds, C02

Main constituent of cellular
material

Oxygen

Air, Water, C02

Hydrogen

H2, Water, Organic compound

Nitrogen

NH4, N03, N2, Organic
compounds

Sulfur

S°, HS', S04, S2032-, and
Organic sulfur compounds

Phosphorus

hpo4, h2po4

Constituent of cysteine,
methionine, coenzyme A
Constituent of ATP, NAD+,
and nucleic acids

The 100:10:1 ratio is often absent in natural systems especially in the intermediate
unsaturated zone (vadose zone). Therefore, to enhance the biodegradation of any
target compound, a method of balancing nutrients (i.e. nitrogen, phosphorus, and
sulfur) ratio is usually applied (Swindoll et al. 1989). For some anaerobic
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degradation pathways, such as the biodegradation of toluene, the presence of iron in
its +3 oxidation state has been shown to be necessary (Lovely and Lonergan 1990).

Moisture

The survival of microbial communities in soil is directly related to the soil
moisture content (Hartel and Alexander 1987). Water is essential for the transfer of
nutrients and metabolite through the cell wall of microorganisms (Gottschalk 1988).
It also exists in a higher ratio than other elements within any cell. Desiccation may
be used as a means of inhibiting microbial communities (Brock and Madigan 1988).

Oxygen

Treatment of contaminated soil by aerobic biodegradation processes usually
involves addition of moisture to retain and promote microbial activity within soil
systems. For such microbial processes, there exists an upper limit of moisture
content above which the oxygen activity will be decreased below the required
concentration for aerobic metabolism (Lund and Goksoyr 1980). An extreme
reduction in concentration of available oxygen will result in an anaerobic
environment. The establishment of such conditions near the plume in subsoil
environments and groundwater are well documented (Baedecker and Back 1979).
Kuhn et al. (1988) has documented the possibility of biodegradation of alkylated
benzenes in such environments by testing for anaerobic degradation under denitrifying
conditions in the laboratory.
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Procedures to increase the concentration of oxygen within treatment processes
include addition of hydrogen peroxide (H2O2), which dissociates to water and oxygen
molecules, and the pumping of air to lower layers of solids within the system.
This study was an attempt to evaluate the applicability of the bioventing method
for soil treatment and to determine the effects of various levels of elemental nitrogen
amendments. Test compounds [U-ring-14C] toluene or m-xylene were added to
subsoil in the columns at a concentration less than 0.02% of the total toluene or mxylene present. Therefore, these two radioactive compounds served as true tracers.
The basic experimental design for the study consists of four column treatments per
experiment.
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CHAPTER 3
MATERIALS and METHODS

Soil

Subsoils were collected at two different sites from a solvent tank-farm in New
Jersey. Soil ttl used in the first trial with toluene was a sandy loam. It was obtained
from a depth of 4.5 m beneath the ground surface. The subsoil material collected
later for the second toluene and m-xylene experiments, soil tt2, contained higher
percentages of clay, 6.9% (Table 3), and had 84 mg of total mineral nitrogen
concentration of per kg of soil.

Both soil samples were sieved through a mesh No.

20 A.S.T.M.E. specification (Fisher Scientific, New Jersey). The retained subsoil
material was discarded.

Table 2.

Soil sample

1
2

Total nitrogen and organic carbon in soils 1, and 2.

Total Nitrogen*
mg-N-kg'1 of soil

Percent
Organic carbon
4
14

46
84

* Soil tt 1 was analyzed by Daniel B. Stephens & Associates, Inc., Albuquerque,
New Mexico. Soil #2 was analyzed at the University of Massachusetts at
Amherst, Massachusetts.

21

The groundwater at the site was encountered at a depth of approximately 5.2 to
5.8 m below grade. Considering the depth of sampling points, soil moisture potential
in these samples were approximately 100 (cm) of water.

Table 3.

The particle size analysis reported by SCL* for soil #2.

Particle size range (mm)
2
1
0.5 0.250.10-

Percentage

1
0.5
0.25
0.10
0.05
<0.002

3.1
6.8
6.3
24.0
21.3
6.9

* Soil Characterization Laboratory (SCL) at the University of
Massachusetts at Amherst.

Column design

Custom designed Pyrex (Coming, Inc., Coming, NY), glass columns were
packed with contaminated vadose material (Fig. 1). Tensiometers were placed
opposite the air entry and exit ports located at 5 and 25 cm below the top
respectively. All tubing was of a teflon type, and rubber stoppers were wrapped in at
least three layers of teflon tape to avoid hydrocarbon absorption.
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Figure 1.

Test column: Pyrex glass column, 30.5 cm x 7.5 cm i.d., packed with
subsoil (Sample 1 or 2). Viton "O"-rings were used for sealing
between glass fringes at the top and bottom.
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Column preparation
Packing

Sample material was gradually poured, 400 grams at a time, through a 1 inch
(2.54 cm) diameter tube into the columns. Subsequent to incremental pouring, each
added layer of soil was carefully packed to minimize the void space. Air inlet and
outlet connections were made using semirigid teflon tubing. The packing method was
kept consistent for all columns. Thus, the physical characteristics of the packed soil
in all columns were as uniform as possible. Each column contained approximately 2
kg of subsoil (Table 4).

Porosity and bulk density characteristics are shown in table

5.

Table 4.

Amount of soil packed in each column.

Experiment and Soil

Col A
grams

Col B
grams

Col C
grams

Col D
grams

1. Toluene

#1

2170

2210

2290

2370

2. Toluene

#2

2240

2510

2440

2490

3. m-Xylene #1

2170

2200

2150

2220
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Table 5.

Soil bulk density (g-cm'3), and porosity in each column.

Experiment

Col A

Col B

Col C

Col D

Toluene Soil #1
Bulk Density
Porosity

1.53
0.42

1.55
0.41

1.61
0.30

1.67
0.37

Toluene Soil #2
Bulk Density
Porosity

1.57
0.41

1.76
0.34

1.71
0.35

1.75
0.34

m-Xylene Soil #2
Bulk Density
Porosity

1.40
0.44

1.50
0.42

1.62
0.39

1.53
0.41
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Two Tempe cells (Fisher Scientific Co., New Jersey) were packed with soil #1, and
were sent to be tested for the soils physical properties by Daniel B. Stephens &
Associates (DBS&A), Inc., Albuquerque, New Mexico. DBS&A reported a

of 1.2

X 10'3 cm/sec measured by constant head analysis, average particle density of 2.69
g/cm3, and a summary of moisture characteristics data (Table 6). Soil #2 was similarly
tested at the Soil Characterization Laboratory (SCL) at the University of Massachusetts
at Amherst, Massachusetts.

SCL reported a

7.13 XIO'4, and a summary of

moisture characteristics (Table 6).

Soil moisture monitoring

In a vadose zone, water is retained in tension between the soil particles. The existing
negative pressure can be measured by tensiometery. This method uses a partially water
filled tube, tightly capped, and held in contact with the soil solution through a porous
cup.

The negative pressure, inside the tensiometers of each of the columns, was

measured in mbar (or cm of water) using a Tensimeter™, Soil Measuring Systems
(Tucson, Arizona). The soil moisture content was monitored in each column using a
graph of pressure head (-cm of water) versus soil moisture ( %, cm3-cm'3) such as
Figure 2.
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Table 6.

Soil

Summary of moisture characteristics for soils.

Sample

Pressure Head
(-cm water)

1

1

2

1

2

1

Moisture Content
(%, cm3-cm'3)

0

33.44

16

32.08

31

30.55

62

27.57

0

34.77

260

13.88

1008

10.95

15399

10.08

14

20.30

30

17.30

60

15.70

80

14.30

100

14.20
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Pressure Head (— cm of water)
Figure 2.

Moisture content of soil 2 as a function of pressure head.
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The soil moisture content in each column was equilibrated to a level
corresponding to 100 mbar of matric suction. This was accomplished by the use of a
102 centimeter hanging water column connected to the water reservoir. A porous
plate, possessing an approximate bubbling pressure of 200 cm of water, was placed at
the bottom of each column to establish the sampling site conditions (Fig. 3). The
porous plates were saturated under vacuum before installation.

Figure 3.

Lower section of test columns showing the position of porous plate
made of fritted glass and top of the hanging water column.

The desired soil moisture contents for all of the columns were obtained through
two different methods. For the first toluene trial, the desired soil moisture content
was established by allowing an upward flow of water through the porous plate. This
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method was altered for the second toluene trial and all m-xylene experiments. After
packing, 200 ml of distilled and deionized water was added to each column at the top.
The added water was allowed to flow by gravity through the packing and the hanging
water columns. The leachate was collected for each column. Volumes of the
leachate from each column were measured. It varied between 75 and 85 ml. This
modification produced the desired moisture content of subsoil in each column in a
more time efficient manner.

Air flow control and monitoring

An organic chemical-free air stream of 5 ml-min"1 was passed through each
column by introducing suction at the air exit port. Activated carbon was used to
remove organic compounds from the air at the entry of the apparatus. Air flow rate
was controlled by a flow controller (Analog Device, Norwalk, Conn) and monitored
by on line bubble-flow meters attached each column (Fig. 4). The air was then
humidified by bubbling it through 300 ml of distilled deionized water (Fig. 5).
Humidified air was used to prevent soil drying.
The partial vacuum at both ports, air inlet and outlet, were measured using
Magnehelic pressure gauges, model number S (Dwyer Instruments, Inc., Michigan
City, Indiana). The exiting air stream passed through two Tenax-filled columns (10
mm i.d. X 80 mm) (ENSR Technical Services, Acton, Massachusetts) connected in
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tandem. These Tenax-packed columns trapped volatile hydrocarbons from the air
stream. The residence time for the air stream in any of these traps was approximately
42.5 seconds.

Controller

Figure 4.

On line bubble flow meter. The "T" valves at point A, and B altered
the direction of air stream.

Figure 5.

The humidifier unit installed downstream from the flow controller. The
air stream passes through 300 ml of distilled deionized water in a 500
ml flask, and exits the unit toward the bubble flow meter. The humid
air flow rate was 5 ml per minute.
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Air streams were then bubbled through 1 N NaOH solutions to trap C02 (Fig. 6).
This solution was changed after 3-4 days to maintain high pH. Air flow through each
soil packed column was induced by a vacuum pump attached downstream of the
carbon dioxide traps.
The whole system was kept under partial vacuum during the course of each
experiment (Fig. 1). The applied method was more representative of field bioventing
application. It also avoided release of parent radiolabeled compounds to the
laboratory atmosphere.

From Tenax Traps

Figure 6.

A 75 ml volume of 1 N NaOH traps was placed in traps to strip 14C02
from the air stream. These traps were installed down stream the Tenax
traps.
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A 1-ml syringe, with glass luer-tip and plunger and a 4 inches gauge 18 stainless
steel needle was used to add 1 ml of the inorganic nutrient solution to the contents of
the separatory funnel. To allow the insertion of the needle through the stopcock plug
of the funnel, it was set at open position. The stopcock valve was shut immediately
after removing the needle.

Radiochemical tracer compounds

An additional 1.20 ^g (1.54xl06 dpm) [U-ring-l4C] toluene (Sigma Chemical
Corp., St. Louis, Missouri) having a specific activity of 53.5 mCi-mmole, or
(l.OxlO6 dpm) [U-ring-l4C] m-xylene was injected into the funnel employing the
method of nitrogen addition. The contents of the 75-ml separatory funnel were then
poured into the columns through their top inlet ports. Radiolabeled toluene or mxylene represented less than 0.02% of added toluene or m-xylene thus allowing a true
tracer experimental design.

Sterilized control •

The sterile control was prepared by gamma irradiating one of the packed
columns. It was exposed to 4.5-5.0 MRads gamma irradiation (Radiation Services,
Univ. of Massachusetts, Lowell). The radiation services uses Cesium (134Cs) as the
source of gamma ray. This Cs isotope has a half-life of 2.1 years, and gamma ray
decay mode with 0.605 X 106 eV.
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To prevent microbial contamination, the inlet air stream to the column was
filtered by passing through a specially designed 500 ml Erlenmeyer flask filled with
glass-wool. An air entry port to the flask was placed at the center of its base. This
flask was mounted to the entry port of the column prior to the Gamma irradiation
process.

Experimental design

Each experiment used four packed columns (Tab. 7). Except for the sterilized
column, other columns were amended with 0, 10 or 40 mg-N.Kg'1, added as a
mixture of NH4N03 and (NH4)2S04.

Table 7.

Column treatments and labeling.

Column Label
Treatment
(mg per kg of soil)
A
B
C
D

Total added nitrogen

0
0
10
40

Sterilized

Measurements of mineralization, volatilization, and biomass production are described
below.
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Acidification and chromic acid digestion

AIN solution of HC1 was added in upward direction under a hydraulic head
through the base inlet port to each of the columns (Fig. 7). The added acid reacted
with existing soil carbonates producing C02. Therefore, the produced 14C02 from
the reaction could be trapped and counted.
Following each experiment column packings were removed to determine the
amount of 14C contained in biomass. The removed subsoil was mixed with a 20%
aqueous solution of methanol (cm3-cm'3) to make a slurry. Three subsamples of the
slurry per column were digested with the chromic acid solution. Approximately 30
grams of the slurry was placed in a 500-ml sidearm Erlenmeyer flask. A 30-ml
volume of a 0.7 N solution of potassium dichromate was added to the flask. A 60-ml
volume of concentrated sulfuric acid was gradually poured into the flask and a flow of
N2 gas at a pressure of less than 10 psig was established. The flask was brought to
boiling for 15 minutes on a hot plate. After the digestion was completed, the hot
plate was turned off, and the flask was allowed to cool for 20 minutes. The produced
gases were carried out of the flask by nitrogen flow through its exhaust line. This
stream was then passed through three serial 14C02 traps during the process. Two
sidearm 12-ml test tubes each containing 7 ml of 1 N NaOH solution were placed
upstream from a larger trap. Finally, the gas line was closed. The NaOH solutions
were then assayed for 14C counts by scintillation. The digested slurry in the flask
was filtered using 15-cm filter paper No.2 (W. R. Balston, LTD., England). The
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retained solids were dried overnight in an oven to determine the dry weight of the
digested samples.

HC1 Hydraulic Head

Figure 7.

Modified test column for acidification processes. A partial vacuum was
applied to remove gases (^CCy, and to assist upward flow of the 1 N
HC1 solution.
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Data acquisition
Four sets of data per column were obtained. First, the 14C02 produced by
mineralization of the added [U-ring 14C] toluene or m-xylene was captured in NaOH
solution. Two 1 ml subsamples from NaOH traps of the columns were assayed daily
for radioactivity using a Beckman liquid scintillation counter Model LS3801
(Beckman, New Jersey). This instrument was programmed to automatically correct
for all interferences (quenching agents) and 14C isotope. Second, the amount of 14C
and 12C-toluene or other vented hydrocarbons trapped in the Tenax traps were
measured by scintillation count and a gas chromatography using a flame ionization
detector (GC/FID). The last two sets of data were obtained by column acidification
and chromic acid digestion methods applied at the end of each trial.

Liquid scintillation
A Beckman Model LS3801 (New Jersey) scintillation counter was used. This
instrument works based on the decay light emitted from fluors excited by radioactive
decay. The amount of 14C-carbon isotope in each sample is directly proportional to
the amount of light produced by radioactive disintegrations which are counted by the
instrument. Two liquid scintillation cocktails, Scintiverse II or Scintilene (Fisher
Scientific, Pennsylvania) was respectively mixed with samples of the NaOH solution
or the eluted hexane. The number of pulses for each sample was then recorded as
counts per minute (CPM). The amplitude of the pulse was proportional to the amount
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of energy in each sample. Counting efficiency was defined as the ratio of number of
counts per minute to the number of actual disintegrations per minute (DPM) in the
sample, DPMs were calculated by using a quench curve of the respective isotope.
Quenching may be produced either by color interference or a chemical factor. The
amount of emitted light is reduced by the color of the sample. For example, blue
samples introduce lesser absorbance than the yellow color samples. Quenching due to
presence of a chemical agent also reduces the amount of light produced. The light
can be reduced in transfer of energy from the radioactive decay material to solvent,
from fluor to fluor molecules, or from fluor to flour. The result is fewer CPM
recorded.
In the Beckman LS instruments, quench is monitored by the "H Number” method.
This method provides a highly accurate compensation for the effects of quench by use
of Compton spectrum. Compton spectrum is produced by Compton electrons which
are in turn the result of gamma ray interaction with the solvent of the scintillation
liquor. The calibration point, a point on the Compton spectrum of an unquenched
standard is compared to a point on the Compton spectrum of the analyzed samples.
These points are also called the inflection points of the Compton edge. The H# is the
difference between these two points.

Accordingly, the recorded four numbers for

each of the analyzed samples includes H#, Counting Efficiency, CPM, and DPM.
The calculated DPM is used as the final result of the scintillation method.
Blank samples containing no radioactive compounds were also counted. These
samples were either a 5-ml volume of pure hexane added to 5 ml of Scintilene liquor
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cocktail or 1 ml of 1 N NaOH solution mixed with 4 ml of distilled and deionized
water and 12 ml of Scintiverse II liquor. The resulting counts were used as
background values for samples.

Gas chromatography (GC) analysis
A Hewlett Packard gas chromatograph model 5790 equipped with Flame
Ionization Detector (FID) model 5706, and a capillary column designed for volatile
aromatic analysis (Restek, New Jersey) having a Stablwax type film with thickness of
1 micrometer, 30 meter length, and 530 pm internal diameter was used. The
sensitivity test for FID unit and construction of standard curve were accomplished by
use of samples with concentrations in the range of 1 to 1000 ppm of either
hydrocarbon mixture or toluene in hexane. The temperature at the injection port and
in the detector was 200°C. Helium was used as a carrier gas, and nitrogen as make¬
up gas.
Figure 9 shows a standard trace of a TEX sample analyzed by GC/FID. The
standard solutions of the four hydrocarbon mixture was prepared at different
concentrations keeping the weight ratio of toluene, ethylbenzene, p-xylene, and oxylene at the desired 6:2:1:1, respectively. The area under the curve of four
observed peaks is directly proportional to the amount of the corresponding
concentration of the hydrocarbons in the mixture.
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Tenax trap extraction
Sampled Tenax traps were first capped and stored in a freezer at a temperature
below 0°C. They were uncapped and the outlet end of the Tenax trap screwed onto a
modified syringe containing 37 ml of hexane.

The syringe plunger was depressed

until the Tenax trap was filled with hexane (approximately 7 ml). The Tenax trapsyringe combination was positioned over a test tube, where 10 ml of hexane were
pushed into the syringe, displacing 10 ml of hexane from the Tenax trap into the test
tube. The extraction direction was chosen based upon the assumption of higher
concentration of hydrocarbons close to the top air entry port of the traps. Therefore,
hydrocarbons in each trap were washed in opposite direction to their decreasing
concentration through the traps. Step three was repeated two times. A total of 30 ml
of hexane was collected in three increments of 10 ml. In some later hexane
extractions, 40 or 60 ml of hexane were used in place of 30 ml. The 40 or 60 ml of
hexane eluted was broken down into 4 or 6 increments of 10 ml, respectively). From
each test tube containing 10 ml of hexane, 5 ml was removed for scintillation
counting, and from the remaining 5 ml, 3 /d was removed and analyzed by GC/FID.
A pilot study showed a hydrocarbon removal efficiency of 92% for this extraction
method.
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Figure 8.

Standard chromatogram of the added compounds. Sample volume 3/*L,
FID and injection port temperature 200°C, oven isothermal at 60°C,
total flow rate of gases including make-up gas was 30 ml-min'1.

42

Tenax trap reconditioning
A feeder line from a cylinder of compressed N2 gas was run through an access
port in the top of an oven located in a fume hood. Two Tenax traps were attached in
a parallel configuration to the N2 lines, and exhaust lines were run from the end of
each trap out of the oven through the access port. A flow of N2 gas at a pressure of
five psi was established through the traps for a period of five minutes to remove
liquid Hexane. Then, the oven was turned on and allowed to heat to a temperature of
130°C. The Tenax traps were kept at a temperature of 80°C or above for a period of
at least 20 minutes. After the traps were cool enough to handle, they were capped,
placed in their original test tube containers, and stored in a freezer at a temperature
below 0°C before reuse.
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CH APTER 4
RESULTS

Toluene experiment soil *1
Mass balances
The recovered 14C in different fractions are presented as percentages of the total
added [U-ring-14C]-labeled toluene (Table 8). The total recovered l4C was 12 and
^S% for the two amended columns. The total percentages for the sterilized control
and un-amended column were close to 50%. The unaccounted fraction of the total
added 14C was 55% for abiotic control, 42% for unamended, 22% for the moderately
amended, and SS% for the highly amended columns.
Mineralization was minimal in the highly amended column. The amount of
mineralization gaseous product was very low, only 8.4%. This was similar to the
level of biodegradation observ ed in the abiotic column which produced 6.7% evolved
14CO: during the course of the experiment.

I-
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Table 8. Percentages of added [U-wig-14C]-labeled toluene recovered in different fractions for first soil.
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For all biotic treatments the vented fraction of the radiolabeled compounds was
lower than 0.1%. The abiotic control column showed the highest amount of toluene
volatilization at 8 percent.
The highest percentage recovered by digestion belonged to the low amended
column. The method resulted in recovery of less than 30% of the total added tracer
for the other three treatments.

GC/FID results
The first series of the Tenax traps were examined during first week of the
experiment. The toluene, ethylbenzene, p-xylene, and 0-xylene peaks were
respectively observed at 4, 6.7, 7, and 10 minutes after injection. Toluene and
ethylbenzene were detected in Tenax traps on the sterilized column (Fig. 9a).
Toluene was observed at a lower concentration for column with no nitrogen added
(Fig. 9b). The vented hydrocarbons from both nitrogen amended treatments were
below detection limit (Fig. 9c, and 9d). Further series of the same analysis did not
detect any vented hydrocarbons during the last 2 weeks of this experiment.

Mineralization products (14C02 Evolved)
In the sterilized column the amount of mineralized tracer did not exceed 7% of
the total added. The other three treatments produced higher amounts of 14C02 as
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Figure 9.

Chromatogram of Tenax extracts: Toluene experiment, a) analysis of
trapped hydrocarbons for the abiotic column by GC/FID isothermal
60°C, top curve belongs to the second tenax trap and bottom curve
belongs to the first tenax trap which has a 10 fold higher range than all
other curves; and figures b, c, d are the results for columns with no
nitrogen added (b); with 10 mg-N-kg'1 (c); and with 40 mg-N-kg'1
added.
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Figure 10.

Mineralization of labeled toluene i

c

iDCiciiec in Fig. 9. Generally, more than $0% of the final product of mineralization
evoived 'CO-O was produced in first 7 days of the experiment. The evolved 14C02
did noc increase more than a few percent after 15 days. This experiment was run for
three weeks. Note that the data points corresponding to day 36 are the summation of
fractions in are total evolved 14C02 and recovered by acidification.
The presence of negative slope in the mineralization curves shows a loss of
radioactive material from the trapping solution. That was more pronounced for "the
unamended column data corresponding to day 8, 17, and 21.

Toluene experiment soil #2
Mass balances
The totals of recovered 14C in different fractions are presented in Table 9. The
cumulative amount of 14C02 recovered ranged from 46-57% of the total added tracer
in non-sterile columns and only 1 % for the sterilized control.
The amount of vented toluene was lower than 0.5% for non-sterilized columns but
was almost 75% of the total added 14C in the control (Table 9). The vented percent
of the radiolabeled compounds for Column "C" was below the limit of detection.
The application of the acidification procedure did not recover more than 0.9% of
the added radiolabeled compound. The total 14C recovered for the unamended
column was equal to the added amount. The other three treatments averaged to 80%
recovery. The highest percent-unaccounted, 24%, belonged to the sterilized control.
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GC/FTD results
Figure 10 shows the data gathered by GC/FID analysis which was applied to the
extracted hydrocarbons from the Tenax traps of all four columns. The first series of
the Tenax traps were examined on the fourth day during the first week of the
experiment. The result of the analysis showed high amounts of the added
hydrocarbons to be escaping from the control column (Fig. 10a). Toluene was
observed at a lower concentration in the second Tenax trap of this column. Of the
other three treatments, only in the unamended column was a limited amount of vented
toluene was detected (Fig. 10b). The vented hydrocarbons from other two treatments
were below detection limit (Fig. 10c and lOd). The same analysis was applied to all
of the hexane extracts through the experimental period. However, hydrocarbon
volatilization ceased after the first few days. The cumulative amounts of vented
hydrocarbons were measured. The analysis of next few series of the Tenax traps did
detect any vented hydrocarbons after 8 days.
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Percentages of added [U-r/rt#-14C]-labeled toluene recovered in different
fractions for second soil.
Table 9.
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3

Figure 11.

Chromatogram of Tenax extraction: Toluene experiment 2. Analysis of
trapped hydrocarbons for the biotic column is presented in portion (a)
of this figure. Portions b, c, d are the results for columns with no
nitrogen added (b); with 10 mg-N-kg'1 (c); and with 40 mg-N-kg'1 (d)
added respectively.
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Mineralization products (14C02 Evolved )
The cumulative amount of stripped 14C02 for each treatment is presented in Fig.
11. A generally positive slope of curves was maintained through the course of the
experiments. Slopes decreased after 8 days for all treatments. At day 8, a decrease
in the number of counts was observed in samples from the NaOH trap of the column
with high nitrogen amendment.
The maximum increase in the amount of 14C02 evolved did not exceed 5 % after
10 days. It almost did not increase for the control after 8 days.
The positive effects of the nitrogen amendment was apparent. Column with 40
mg-kg'1 added nitrogen consistently produced highest amount of 14C02 after 5 days.
The result of treatment with 10 mg of N-added per kg of subsoil was almost the
median of the mineralization percentages of the other two biotic columns. In
biologically active columns, the daily increase in percentage of the tracer captured in
alkaline solution was less than 2% in last three days (Fig. 11).

53

'±
X

o
_w

JJ

«
c

<s

(p9PPD

%)

54

paA|OA9 'oOn

tx

£

m-Xvlene experiment soil til
Mass balances
Table 10 lists the amount of 14C recovered in the four different fractions. The
cumulative amount of 14C02 ranged from 40% to 46% of the total added tracer for
non-sterile columns and almost 13% for the control. Percentages of total added 14C
recovered after acidification and from subsoil samples treated with chromic digestion
were 13 and 1 for the abiotic control. Other three treatments showed close to 2% as
acidified fraction. The digested percentage was 24% for two treatments of
unamended and low amended columns. The digested amount for the 40 mg-kg'1
nitrogen added treatment corresponded to 33% recovery. The vented amounts of mxylene for non-sterilized columns were lower than 0.7% while it was almost 54% of
the total added 14C for the abiotic control column (Table 10)

Mineralization products (14C02 Evolved)
The cumulative amount of 14C02 recovered in traps for each treatment is shown
in Fig. 12. Mineralization in the sterilized column increased steadily after 3 days.
The slope of the curves for all columns decreased after 6 days. The mineralization
curves for columns with low and no amendment were similar.
treatment produced the highest amount of 14C02.
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The 40 mg-N-kg'1

Percentages of added [U-n/z<g-14C]-labeled m-xylene recovered in different fractions for second soil.
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Mineralization of labeled w-xylene.
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Vented radiolabeled compounds
Vented toluene and m-xylene were recovered during the first few days of the
incubation. There was no volatilization in any of the treatments after 8 days.
Volatilization of hydrocarbons was highest in the control columns. The percentages
of vented 14C in biotically active columns were always lower than 1 % . The highest
recovery within these treatments belonged to the unamended column of the m-xylene
experiment, reaching 0.75%. There was no apparent correlation between
concentration of nitrogen amendment and vented toluene and m-xylene. Volatilization
of hydrocarbons decreased with increased in mineralization. The highest fraction of
radiolabeled compounds in gases was found in the control column of the second
toluene experiment. The mineralization in this particular column was at its minimum
between all experiments. The following figure (Fig. 12) presents the cumulative
percentages of recovered radiolabeled carbon. It uses two different "Y" axis each for
sterilized columns (at left) and non-sterile ones (at right).
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CHAPTER 5
DISCUSSION

Mineralization was a major route of removal of toluene and m-xylene in vadose
material columns while volatilization was minimal. The amounts of vented
hydrocarbons reached their maximum in the absence of microbial activity. Inorganic
nitrogen amendment usually enhanced the mineralization when applied at a moderate
concentration. However, its effect was variable when applied at 40 mg-N-kg'1
concentration.

Mineralization
Generally, higher mineralization rates occurred in the first 10-12 days when the
bioavailable concentrations of the radiolabeled compounds were high. These 14Ccontaining compounds may have included intermediates in the degradation pathways
like phenols or the parent compounds. After 9 days, the amounts of 14C02 produced
in all three experiments indicated that biodegradation had slowed down. Slow
mineralization after this rapid initial phase could be attributed to utilization of
radiolabeled cellular material.
The observed high initial rate of biodegradation in the treatment columns
demonstrated the existence of an adapted microbial community. This was supported
by an investigation of the degradation capacity of subsurface bacteria (Fredrickson et
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al. 1991), and the lack of required adaptation time (Aelion er al. 1987, Konopka and
Turco 1991) before utilization of the xenobiotic compound. The acclimated bacteria
were also isolated from unsaturated subsoil material within a petroleum hydavarbon
spill site (Wilson et al. 1983, and Payne and Floyd 1989).

Abiotic factors
The initial biodegradation rate in the columns during the first few days could also
be related to a series of alterations in the physical conditions of soil samples.
Microbial growth may have been enhanced by (a) mixing and aeration which occurred
during the sieving process, and (b) addition of water and an increase in readily
available concentration of the target compounds provided by the amendment
procedure. It may also closely relate to the soil textural characteristics.
The subsoil material was subjected to different manipulations including sieving
and mixing, resulting in an increase in the availability of oxygen for the indigenous
aerobic metabolism. Sieving of the subsoil material may also by increasing the
surface per volume ratio of the material through aggregate destruction, have
stimulated microbial growth. It can be hypothesized that the existing cell density of
the subsoil material had increased even prior to packing.
The increase in concentration of available hydrocarbons in soil solution occurred
about as a result of their direct addition. It has been reported that drying a soil
(similar to sieving and packing steps) and rewetting it (adding hydrocarbons solution)
results in a flush in the mineralization of the soil organic carbon (Lund and Goksoyr
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1980).

If this extra carbon were utilized by microorganisms with a growth yield of

0.5 g bacterial C (g substrate C)'1, then it would potentially double the biomass.
Another abiotic factor was the high concentration of the added compounds
including the tracer in soil solution. The readily available concentration has been
referred to as the bioavailable concentration of the contaminants (Wilson et al. 1990).
One proposed biodegradation pathway for mono-alkylbenzene aerobic degradation
starts with enzymatic reactions outside the cell (Smith 1990). The enzyme catalyzed
reactions require close proximity of the target carbon source: soil contaminants in this
case. Such a condition was achieved by the amendment procedure applied in this
investigation. Hence, the elevated concentration of hydrocarbons in the soil solution
could have played a direct role in the initial high rate of the biodegradation in
biologically active columns of the three experiments.
Bioavailability of a target compound can also vary by the nature of its transport in
the medium (Beilin and Rao 1993). Transport mechanisms are related to the
hydraulic conductivity of column packing material, water solubility of the contaminant
(Hinchee et al. 1991), and its chemical properties (Harmsen 1992). The particle size
analysis of the packing subsoil material signified a loamy texture for both soil types
and favorable hydraulic conductivities for such transport. Shaw et al. (1985)
observed that the bacterial growth in porous media often caused a large reduction in
hydraulic conductivity which may be a possible explanation for the low amount of
vented hydrocarbons recovered from the test column treatments. According to reports
(Ascon-Cabbrea and Lebeault 1993, and Wiggins et al. 1987), microbial growth
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occurs in the aqueous phase and at the liquid-liquid interface. The low water
solubility of the tracers and soil moisture content in the columns provided favorable
conditions for their transport and may have increased their bioavailability.
Bacterial population growth and extracellular products in subsurface sediments, a
porous medium, have reportedly diverse effects on the transport of contaminants
(Hommel 1990). Taylor and Jaffe’ (1990) reported that hydraulic conductivity in soil
columns was reduced by a factor of 10 to > 1,000 when 1.0 to 1.2 mg of bacterial
organic carbon per cm3 of soil (specific gravity of 2.0) grew at the expense methanol.
Therefore, enough bacterial carbon may have been produced during biotreatment in
the aviation gasoline source area to reduce hydraulic conductivity in some cases
(Taylor and Jafe’ 1990, and Vandevivere and Baveyen 1992). That may explain high
recovered percentages of 14C in the digested subsamples of soil. The results
demonstrated higher removal by ventilation in abiotic control columns, which may be
related to the same effects reported by Taylor and Jaffe’ (1990).
The last abiotic factor affecting the initial biodegradation rate of the soil
contaminants may be its textural characteristics. The contrast in total percent of
mineralized tracer between trial one and two of toluene experiments may be related to
the difference in the texture of two subsoil samples. The spatial interactions among
soil microorganisms are determined in part by soil texture (Atlas and Bartha 1993).
High soil clay content stimulates aggregate formation and microbial growth (Lynch
1981), in addition to increasing its moisture retention capacity (Alexander 1977, Hillel
1982, Hopkins et al. 1991, and Shifang and Scow 1993). Aggregate formation in soil
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#2 was more likely than in soil #1, because of their textural differences. This
variation in soil texture may potentially explain the higher level of biomass detected in
trial #2 columns.
Toluene is believed to be more readily degraded by microorganisms compared to
other similar aromatic compounds (Burback and Perry 1993, Law and Button 1986),
and its biodegradation is unaffected by the interaction of other aromatic compounds
(Fredrickson et al. 1991). Comparison of m-xylene with the second trial of toluene
shows a higher rate of mineralization associated with toluene. Xylene isomers are
believed to be more recalcitrant than toluene (Chapelle 1993).
The amount of 14C in biomass did not reveal a single defined correlation with the
amount of mineralization products for both toluene and m-xylene experiments. It is
usually assumed that 30% of the total utilized organic carbon would be incorporated
into the biomass. That was supported by results of m-xylene trial. In contrast, the
results of the toluene trials seldom presented such a relationship. It is possible that
the existing biomass was not the only source of radiolabeled carbon recovered by
chromic acid digestion. Therefore, the assumption which equates the chromic acid
digestion product to the amount of biomass is debatable. It can be recommended that
future design of these experiments should include a method of measuring the biomass
produced.
Bacterial growth may increase hydrocarbon sorption by adding hydrophobic
microbial material to the soil (Beilin and Rao 1993). They reported an increase of
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about 1 % to the soil sorption. There was a significant increase in the adsorption of
petroleum compounds to solids in the fine clay and coarse sand biotic columns during
the last stages of the experiments conducted by Carberry and Lee (1990). It is
possible that the effects of mineralization and sorption combined to limit bio¬
availability of the tracer compounds. This assumption may explain the observed
decrease in the slopes of the mineralization curves. The produced cellular material
possibly was mineralized releasing 14C02 during the last days of these experiments.

Mineralization in Abiotic Controls
As expected, mineralization of the tracer was at very minimal levels in sterilized
controls. The evolution of 14C02 must be attributed to microbial population growth.
The soil microbial community appears to mineralize lower amounts of radiolabeled
compounds at its stationary phase than during the growth phase (Sharabi and Bartha
1993).
Contamination of the control columns, especially during the first trial with
toluene, could have occurred when microorganisms were introduced to the column
through the air stream or in the aqueous mixture of the hydrocarbon which was added
to columns. Water used for preparation of the mixture was not pre-autoclaved,
hence, would have contained microorganisms capable of living in the presence of
ETX. This mixture was prepared 2 weeks prior to the addition of hydrocarbons to
the column. It was also possible that the microbial population in the mixture was
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enriched for the hydrocarbon degraders. Therefore, the microbial community within
the column were able to mineralize approximately 5-7% of the added tracer.
Mineralization in the sterilized control column during the second run of toluene
experiments was minimized through the use of autoclaved water to prepare the
hydrocarbon mixture and a glass wool filled 500 ml flask which served as an air
filter. However, the amount of 14C02 produced indicated that the sterility of the
subsoil material did not last through the experimental period.
Mineralization increased gradually in the abiotic control column of the experiment
using m-xylene as a tracer. This was observed even though we had applied the same
precautions as the second run of toluene experiment.
The mineralization of toluene and m-xylene indicated the presence of microbial
activity in the gamma-irradiated soil. There was a possibility that a few cells in the
subsoil material survived the gamma irradiation process. Comparisons indicated that
the microbial populations were increasing for m-xylene and first trial of toluene. On
the other hand, the mineralization occurred at a slower and steady rate during the
second toluene experiment.
Inorganic nitrogen amendments have affected hydrocarbon biodegradation in
subsoil environments. There are extensive reports on the different effects of nitrate
addition and adaptation on the biodegradation of hydrocarbons (Lewis et al. 1986,
Hutchins et al. 1991). Nutrient addition may enhance mineralization (Aelion et al.
1990, and Lindstorm et al. 1991), or increase the length of the lag period before the
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onset of mineralization (Swindoll et al. 1989). Generally, biodegradation was
enhanced by lower level of nitrogen amendment.

67

REFERENCES

Aamand, J., C. Jorgensen, E. Arvin, and B. K. Jensen. 1989. Microbial adaptation to
degradation of hydrocarbons in polluted and unpolluted groundwater. J.
Contam. Hydrol. 4:299-312.
Aelion, C. M., C. M. Swindoll, and F. K. Pfaender. 1987. Adaptation to the
biodegradation of xenobiotic compounds by microbial communities from a
pristine aquifer. Appl. Environ. Microbiol. 53:2212-2217.
Aelion, C. M., and P. M. Bradley. 1991. Aerobic biodegradation potential of
subsurface microorganisms from a Jet fuel-contaminated aquifer. Appl.
Environ. Microbiol. 57:57-63.
Aelion, C. M., D. C. Dobbins, and F. K. Pfeander. 1990. Adaptation of Aquifer
Microbial communities to the biodegradation of xenobiotic compounds:
Influence of substrate concentration and preexposure. Appl. Environ.
Microbiol. 56:75-86.
Alexander, M. 1981. Biodegradation of chemicals of environmental concern. Science
211:132-138.
Alexander, M. 1977. Introduction to soil microbiology. John Wiley & Sons, Inc.,
New York, NY.
Alvarez, J. J., and T. M. Vogel. 1991. Substrate interactions of benzene, toluene,
and para-xylene during microbial degradation by pure cultures and mixed
culture aquifer slurries. Appl. Environ. Microbiol. 57:2981-2985.
Anderson, M.A., and J. C. Parker. 1990. Sensitivity of organic contaminant transport
and persistence models to Henry’s Law constants: Case of polychlorinated
biphenyls. Wat. Air and Soil Poll. 50:1-18.
Arvin, E., J. K. Bjorn, and A. T. Gundersen. 1989. Substrate interactions during
aerobic degradation of benzene. Appl. Environ. Microbiol. 55:3221-3225.
Ascon-Carbrera, M., and J. M. Lebeault. 1993. Selection of xenobiotic-degrading
microorganisms in a biphasic aqueous-organic system. Appl. Environ.
Microbiol. 59:1717-1724.
Atlas, R., and R. Bartha. 1993. Microbial Ecology, Fundamentals and Applications.
The Benjamin/Cummings Publishing Co. Redwood, CA.

68

Austin, B., J. J. Calomiris, J. D. Walker, and R. R. Colwell. 1977. Numerical
taxonomy and ecology of petroleum-degrading bacteria. Appl. Environ.
Microbiol. 34:60-68.
Baedecker, M. J., and W. Back. 1979. Modem marine sediments as a natural analog
to the chemically stressed environment of a landfill. J. Hydrol. 43:393-414.
Baggi, G., P. Barbier, E. Galli, and S. Tollari. 1987. Isolation of a Pseudomonas
stutzeri strain that degrades o-xylene. Appl. Environ. Microbiol. 53:21292132.
Baker, R. 1992. Soil biotreatability column apparatus. Final report. Research and
Development, ENSR Consulting and Engineering, Acton, MA.
Balkwill, D. L., J. K. Fredrickson, and J. M. Thomas. 1989. Vertical and horizontal
variation in the physiological diversity of the aerobic chemoheterotrophic
bacterial microflora in deep southeast coastal plain subsurface sediments. Appl.
Environ. Microbiol. 55:1058-1065.
Barker, J. F., G. C. Patrick, and D. Major. 1987. Natural attenuation of aromatic
hydrocarbons in shallow sand aquifer. Ground Wat. Monit. Rev. 7:64-71.
Bartha, R. 1990. Isolation of microorganisms that metabolize xenobiotic compounds.
In: Labeda D. P. (eds.), The isolation and screening of microorganisms from
nature. MacMillan , New York, NY.
Bayly, R. C., and M. G. Barbour. 1984. The biodegradation of aromatic compounds
by meta and gentisate pathways. In: Gibson D. T. (ed). Microbial degradation
of organic compounds, pp:253-294. Marcel Dekker, New York, NY.
Bedard, D. L., R. Unterman, L. H. Bopp, M. J. Bemnan, M. L. Haberi, and C.
Johnson. 1986. Rapid assay for screening and characterizing microorganisms
for the ability to degrade polychlorinated biphenyls. Appl. Environ. Microbiol.
51:761-768.
Beller, H. R., D. Grbic’-Galic’, and J. Reinhard. 1992. Microbial degradation of
toluene under sulfate-reducing conditions and the influence of iron on the
process. Appl. Environ. Microbiol. 58:786-793.
Beilin, C. A., and P. S. C. Rao. 1993. Impact of bacterial biomass on contaminant
sorption and transport in a subsurface soil. Appl. Environ. Microbiol.
59:1813-1820.

69

Brock, B. D., and M. T. Madigan. 1988. Biology of microorganisms. Prentice-Hall,
Inc. Englewood Cliffs, NJ.
Brown, R. A. 1992. The advantages and disadvantages of bioventing and vapor
extraction technology. In: Hinchee R. E., and R. F. Olfenbuttel (eds). In-situ
bioreclamation.
Burback, B. L., and J. J. Perry. 1993. Biodegradation and biotransformation of
groundwater pollutant mixtures by Mycobacterium vaccae. Appl. Environ.
Microbiol. 59:1025-1029.
Button, D. K., B. R. Robertson, D. McIntosh, and F. Juttner. 1992. Interaction
between marine bacteria and dissolved-phase and beached hydrocarbons after
thq Exxon Valdez oil spill. Appl. Environ. Microbiol. 58:243-251.
Carberry, J. B., and S. H. Lee. 1990. Fate and transport of petroleum in the
unsaturated soil zone under biotic and abiotic conditions. Wat. Sci. Technol.
22:45-53.
Chapelle, F. H. 1993. Ground-water microbiology and geochemistry. John Wiley &
Sons, Inc., New York, NY.
Chapelle, F. H., and D. R. Lovely. 1990. Rates of microbial metabolism in deep
coastal plain aquifers. Appl. Environ. Microbiol. 56:1865-1874.
Cline, P.V., J. J. Delfino, and P. S. C. Rao. 1991. Partitioning of aromatic
constituents into water from gasoline and other complex solvent mixtures.
Environ. Sci. Technol. 25:914-920.
Crawford, M. 1990. Bacteria effective in Alaska cleanup. Science 247:1537-1549.
Dean, b. J. 1978. Genetic toxicology of benzene, toluene, xylenes and phenols.
Mutat. Res. 47:75-97.
Dupont, R. R. , and W. J. Doucette. 1991. A field-scale investigation of petroleum
hydrocarbon biodegradation in the vadose zone enhanced by soil venting. In:
Hinchee R. E., and R. F. Olfenbuttel (eds). In-situ bioreclamation.
Evans, W. C. 1970. Biochemistry of the bacterial catabolism of aromatic compounds
in anaerobic environment. Nature. 270:17-22.
Faust, C. R. 1985. Transport of immiscible fluids within and below the unsaturated
zone: A numerical model. Water Resources Research. 21:587-594.

70

Focht, D. D. 1988. Performance of biodegradative microorganisms in soil:
Xenobiotic chemicals and unexploited metabolic niches. In: Omenn G. S. et
al. (eds). Environmental Biotechnology. Plenum Press. New York, NY.
Frankenberger, W. T., K. D. Emerson, and D. W. Turner. 1989. In situ
bioremediation of an underground diesel fuel spill: A case study. Environ.
Manag. 13:325-332.
Fredrickson, J. K., F. J. Brockman, S. W. Li, and T. O. Stevens. 1991. Isolation
and characterization of a subsurface bacterium capable of growth on toluene,
naphthalene, and other aromatic compounds. Appl. Environ. Microbiol.
57:796-803.
Gibson, D. T., and V. Subramanian. 1984. Microbial degradation of aromatic
hydrocarbons. In: Gibson D. T. (ed). Microbial degradation of organic
compounds. (181-252). Marcel Dekker, New York.
Gottschalk, G. 1978. Nutrition of bacteria. In: Bacterial metabolism. 2nd ed.
Springer-Verlag, New York, NY.
Grbic’-Galic’, D., and L. L. Pat-Polasko. 1985. Entrobacter cloacae DG-6: a strain
that transforms methoxylated aromatics under aerobic and anaerobic
conditions. Curr. Microbiol. 12:321-324.
Harmsen, J. 1992. Managing bioavailability: an effective element in the improvement
of biological soil-cleaning. Soil and Water Research Center. SC-OLD,
Wageningen, The Netherlands.
Harmsen, J. 1992. The quality of contaminated soil using landfarming treatment. Soil
and Water Research Center. SC-OLD, Wageningen, The Netherlands.
Hartel P. G., and M. Alexander. 1987. Effects of growth rate on the growth of
bacteria in freshly moistened soil. Soil Sci. Soc. Am. J. 51:93-97.
Hillel, D. 1982. Introduction to soil physics. Academic Press, Inc. Orlando, FL.
Hinchee, R. E., D. C. Downey, R. R. Dupont, P. Aggarwal, and R. E. Miller.
1991. Enhancing biodegradation of petroleum hydrocarbons through soil
venting. J. Haz. Mat. 28:3.
Hommel, R. K. 1990. Formation and physiological role of biosurfactants produced by
hydrocarbon-utilizing microorganisms. Biodegradation. 1:107-119.

71

Hopkins, D. W., S. J. Macnaughton, and A. G. O’Donnell. 1991. A dispersion and
differential centrifugation technique for representatively sampling
microorganisms from soil. Soil. Biol. Biochem. 23:217-225.
Hutchins, S. R. 1991. Biodegradation of monoaromatic hydrocarbons by aquifer
microorganisms using oxygen, nitrate, or nitrous oxide as electron acceptor.
Appl. Environ. Microbiol., 56: 2963-2966.
Hutchins, S. R., W. C. Downs, J. T. Wilson, G. B. Smith, D. A. Kovacs, D. D.
Fine, R. H. Douglass, and D. J. Hendrix. 1991. Effect of nitrate addition on
biorestoration of fuel-contaminated aquifer. Field Demonstration. Groundwater
29:571-579.
Kappeler, Th., and K. Wuhrmann. 1978. Microbial degradation of the water-soluble
fractions of gas oil. Wat. Res. 12:327-333.
Kappusamy, T., J. Sheng, J. C. Parker, and R. J. Lenhard. 1987. Finite element
analysis of multiphase immiscible flow through soils. Water Resources
Research. 23:625-631.
Karlson, U., and W. T. Frankenberger. 1989. Microbial degradation of benzene and
toluene in groundwater. Bull. Environ. Contam. Toxicol. 43:505-510.
Keely, J. F. 1987. The use of models in managing groundwater protection programs.
Robert S. Kerr Environmental Research Laboratory, the US Environmental
Protection Agency, Ada, OK. EPA\600\8-87\003.
Kerfoot, H. B. 1991. Subsurface partitioning of volatile organic compounds: Effects
of temperature and pore-water content. Groundwater 29:678-684.
Klein, S. A., and D. Jeskins. 1981. The qualitative analysis of the water soluble
fraction of Jet fuels. Wat. Res. 15:75-83.
Knaebel, D. D. and J. R. Vestal. 1988. A comparison of double vial to serum bottle
radio respirometry to measure microbial mineralization in soils. J. Microbiol.
Methods. 7:309-317.
Konopka, A., and R. Turco. 1991. Biodegradation of organic compounds in vadose
zone and aquifer sediments. Appl. Environ. Microbiol. 57:2260-2268.
Kuhn, E. P., J. Zeyer, P. Eicher, and R. P. Schwarzenbach. 1988. Anaerobic
degradation of alkylated benzenes in denitrifying laboratory aquifer columns.
Appl. Environ. Microbiol. 54:490-496.

72

Kukor, J. J., and R. H. Olsen. 1990. Diversity of toluene degradation following long
term exposure to BTEX in situ. pp 405-421. In: D. Kamely, A. Chakrabarty,
and G. Omenn (ed.). Biotechnology and biodegradation. Portfolio Publishing
Co., The Woodlands, Tex.
Law, A. T., and D. K. Button. 1986. Modulation of affinity of a marine
Pseudomonad for toluene and benzene by hydrocarbon exposure. Appl.
Environ. Microbiol. 51:469-476.
Leahy, J. G. and R. R. Colwell. 1990. Microbial degradation of hydrocarbons in the
environment. Microbiol. Rev. 54:305-315.
Lee, and Ward. 1985. Restoration techniques for aquifers contaminated with
hazardous waste. J. Haz. Mat. 22:13-18.
Lewis, D. L., H. P. Rolling, and K. E. Hodson. 1986. Nutrient limitation and
adaptation of microbial population of chemical transformations. Appl. Environ.
Microbiol. 51:598-603.
Lindstrom, J. E., R. C. Prince, J. C. Clark, M. J. Grossman, T. R. Yeager, J. F.
Braddock, and E. J. Brown. 1991. Microbial populations and hydrocarbon
biodegradation potentials in fertilized shoreline sediments affected by the T/V
Exxon Valdez oil spill. Appl. Environ. Microbiol. 57:2514-2522.
Lovely, D. R., and D. J. Lonergan. 1990. Anaerobic oxidation of toluene, phenol,
and p-cresol by the dissimilatory Iron-reducing organism: GS-15. Appl.
Environ. Microbiol. 56:1858-1864.
Lund, V., and J. Goksoyr. 1980. Effects of water fluctuation on microbial mass and
activity in soil. Microb. Ecol. 6:115-123.
Lynch, J. M. 1981. Promotion and inhibition of soil aggregate stability by
microorganisms. J. Gen. Microbiol. 126:371-375.
Lynch, J. M. 1982. Limits to microbial growth in soil. J. Gen. Microbiol. 128:405410.
Mackay, D., and S. Paterson. 1991. Evaluating the multimedia fate of organic
chemicals: A level III. Fugacity Model. Environ. Sci. Technol. 25:427-438.

Marinucci, A. C., and R. Bartha. 1979. Apparatus for monitoring the mineralization
of volatile 14C-labeled compounds. Appl. Environ. Microbiol. 38:1020-1022.

73

Marley, M. C., D. J. Hazebrouck, and M. T. Walsh. 1992. The application of In situ
air sparging as an innovative soils and groundwater remediation technology.
Field report, Vapex Environmental Co., Boston, MA.
McFarland, M. J., and R. C. Sims. 1991. Thermodynamic framework for evaluating
PAH degradation in the subsurface. Groundwater 29:885-896.
Miller, R. N., and C. C. Vogel. 1991. A field-scale investigation of petroleum
hydrocarbon biodegradation in the vadose zone enhanced by soil venting. In:
Hinchee R. E., and R. F. Olfenbuttel (eds). In-situ bioreclamation.
Montazer, M. 1993. The model development for the transport of hydrocarbons
through vadose zone. Presented at the In situ bioremediation conference. In
press.
Morgan, P., and J. Watkinson. 1990. Assessment of the potential for In Situ
biotreatment of hydrocarbon-contaminated soils. Wat. Sci. Tech. 22:63-68.
Morita, R. Y. 1988. Bioavailability of energy and its relationship to growth and
starvation survival in nature. Can. J. Microbiol. 34:436-441.
Payne, J. R., and M. S. Floyd. 1989. Petroleum and chlorinated hydrocarbon analysis
in support of In Vitro studies of natural anaerobic and aerobic microbial
degradation of xenobiotics in contaminated groundwater and soil. Intern. J.
Environ. Anal. Chem. 39:101-120.
Preslo, L., M. Miller, W. Suyama, M. McLeam, P. Kostecki, and R. Weston. 1989.
Available remedial technology for petroleum contaminated soils. In: Petroleum
Contaminated Soils, Volume I: Remediation Techniques, Environmental Fate,
and Risk Assessment. Lewis Publisher, Inc., pp 115-125.
Priddle, M. W., and R. E. Jackson. 1991. Laboratory column measurement of VOC
retardation factors and comparison with field values. Groundwater 29:260-266.
Reible, D. D., T. H. Illangasekare, D. V. Doshi, and Malhiet M. E. 1990.
Infiltration of immiscible contaminants in the unsaturated zone. Groundwater
28:685-692.
Ridgeway, H., P. L. McCarty, M. Reinhard, D. W. Phipps, and J. Safarik. 1989.
Investigation of the transport and fate of gasoline hydrocarbon pollutants in
groundwater. National Information Services, Springfield, VA. USGS 14-080001-G1126.

74

Schraa, G., B. M. Bethe, A. R. W. Van Neerven, W. J. J. Van den Tweel, E. Van
der Wende, and A. J. B. Zehnder. 1987. Degradation of 1,2-dimethylbenzene
by corynebacterium strain C125. Antonie van Leewehoek. 53:159-170.
Sharabi, N. E., and Bartha R. 1993. Testing of some assumptions about
biodegradability in soil as measured by carbon dioxide evolution. Appl.
Environ. Microbiol. 59:1201-1205.
Shaw, J. C., B. Bramhill, N. C. Wardlaw, and J. W. Costerton. 1985. Bacterial
fouling in a model core system. Appl. Environ. Microbiol. 49:693-701.
Shifang, F., K. M. Scow. 1993. Biodegradation of trichloroethylene and toluene by
indigenous microbial population in soil. Appl. Environ. Microbiol. 59:19111918.
Smith, M. R. 1990. The biodegradation of aromatic hydrocarbons by bacteria.
Biodegradation. 1:191-206.
Swindoll, C. M., C. M. Aelion, and F. K. Pfaender. 1989. Influence of inorganic
and organic nutrients on aerobic biodegradation and on the adaptation response
of subsurface microbial communities. Appl. Environ. Microbiol. 54:212-217.
Symons, B. D., R. C. Sims, and W. T. Grenney. 1988. Fate and transport of
organics in soil: Model predication and experimental results. J. Wat. Pollut.
Control. Fed. 60:1684-1693.
Taylor, S. W., and P. R. Jaffe’. 1990. Biofilm growth and the related changes in the
physical properties of a porous medium 1. Experimental investigation. Water
Resoure Research. 26:2153-2159.
Thomas, J. M., J. R. Yordy, J. A. Amador, and M. Alexander. 1986. Rates of
dissolution and biodegradation of water-insoluble organic compounds. Appl.
Environ. Microbiol. 52:290-296.
Thomas, J. M., V. R. Gordy, C. Fiorez, and C. H. Ward. 1990. Biodegradation of
BETX in subsurface materials contaminated with gasoline: Ganger, Indiana.
Wat. Sci. Tech. 22:53-59.
Vandevivere, P., and P. Baveye. 1992. Saturated hydraulic conductivity reduction
caused by aerobic bacteria in sand columns. Soil Sci. Soc. Am. J. 56:1-13.
Ward, D. M., and T. D. Brock. 1978. Hydrocarbon biodegradation in hypersaline
environment. Appl. Environ. Microbiol. 35:353-359.

75

Wiggins, B. A., S. H. Jones, and M. Alexander. 1987. Explanation for the
acclimation period preceding the mineralization of organic chemicals in aquatic
environments. Appl. Microbiol. Environ. 53:791-796.
Wilson, J. T., J. F. McNabb, D. L. Balkwill, and W. C. Ghiorse. 1983.
Enumeration and characterization of bacteria indigenous to a shallow watertable aquifer. Groundwater 21:134-142.
Wilson, B. H., J. T. Wilson, D. H. Kampbell, B. E. Bledsoa, and J. M. Armstrong.
1990. Biotransformation of monoaromatic and chlorinated hydrocarbons at an
aviation gasoline spill site. Geomicrobiol. J. 8:225-240.
Wilson, J. T., J. F. McNabb, J. W. Cochran, T. H. Wang, M. B. Tomson, and P.
B. Bedient. 1985. Influence of microbial adaptation on the fate or organic
pollutants in groundwater. Environ. Toxicol. Chem. 4:721-726.
Worsey, M. J., and P. A. Williams. 1975. Metabolism of toluene and xylenes by
Pseudomonas (putida (arvilla) mt-2: Evidence for a new function of the TOL
plasmid. J. Bacteriol. 124: 7-13.
Yaron, B., P. Sutherland, T. Galin, and A. J. Acher. 1989. Soil pollution by
petroleum products: n. Adsorption-desorption of kerosene vapors on soils. J.
Contam. Hydrol. 4:347-358.

76

